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ABSTRACT 


1» 


The  potential  enhancement  of  ballistic  and  mechanical  properties  from 
electroslag  remelting  has  fostered  an  interest  in  mechanical  property  char¬ 
acterizations  of  electroslag  remelted  (ESR)  steels  for  Army  applications. 
Mechanical  property  data  are  presented  for  quenched  and  tampered  ESR  4353  and 
ESR  4340  steels.  Hardness  decrease^  from  61.1  to  44.4  -HR6  as  tempering  tem¬ 
perature  increases  from  300  to  900^F  for  ESR  4353  steel .  —-Correspondingly, 
fracture  toughness  (Kjq)  increases  from  23.4  ksi  >/ in.  to  89.7  ksiv^irtwy  The 
ESR  4^53  steel  exhibits  Charpy  impact  energy  values  of  12.4  ftrrl^b  for  400  and 
450^  tempers,  which  decrease  to  9.2  ft^b  for  a  500®lf  temper  as  a  result  of 
tempered  martensite  embrittlement.  Percent  retained  austenite  decreases  to 
approximately  zero  as  tempering  temperature  increases  to  500°F.  Mechanical 
properties  for  similarly  heat  treated  ESR  4340  steel  are  obtained  from  liter¬ 
ature  data.  Results  indicate  that  for  a  given  tempering  temperature  or  hard¬ 
ness,  the  ESR  4340  steel  has  greater  Charpy  impact  energy  and  fracture  tough¬ 
ness  (Kjq}J. 
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INTRODUCTION 


The  U.S.  Army  Materials  Technology  Laboratory  (MTL)  has  a  major  interest  in  the 
development  and  characterization  of  specially  processed  high  strength  steels  for  both 
helicopter  and  ground  vehicle  applications.  Electroslag  remelted  (ESR)  high  strength 
steels  have  been  of  prime  interest  in  recent  years  due  to  their  enhanced  ballistic 
and  structural  properties  over  those  of  comparable  air-melted  steels. These  supe¬ 
rior  properties  are  attributed  primarily  to  the  low  sulfur  content  and  homogeneous 
micros  true tural  morphology  which  can  be  achieved  by  the  electroslag  remelting  pro¬ 
cess.^  Applications  of  electroslag  remelted  steels  include  ESR  4340  in  the  tail 
rotor  pitch  link  assembly  for  the  Army's  advanced  attack  helicopter  and  ESR  4350  for 
the  crew  seat  in  the  Blackhawk  helicopter.  ESR  4353  and  ESR  300M  were  both  consid¬ 
ered  as  candidate  materials  in  the  suspension  systems  in  the  Army's  M113A1  and  XM2 
track  vehicles.  ^ 

In  recent  years,  MTL  has  conducted  a  number  of  efforts  on  high  strength  ESR 
processed  steels, 3,6-9  with  prime  emphasis  on  ESR  4340.  This  report  addresses  one 
such  investigation  on  the  mechanical  properties  of  ESR  4353.  Parameters  pertinent 
for  the  consideration  of  high  strength  steels  for  Army  applications  include  tensile 
properties,  hardness,  Charpy  V-notch  impact  energy,  fracture  toughness  (Kjq  and  W/A), 
and  percent  retained  austenite.  These  data  were  obtained  as  a  function  of  tempering 
temperature  over  the  range  of  300  to  900°F.  Also  included  in  this  report  is  a 
mechanical  property  comparison  to  the  ESR  4340  steel,  and  other  relevant  MTL  and 
literature  data. 


MATERIAL 

The  material  examined  was  an  air-melted  heat  of  4353  steel  which  had  subse¬ 
quently  been  argon-oxygen  decarburized  (AOD)  and  electroslag  remelted  (ESR).  The 
chemical  composition  is  given  in  Table  1.  Three  5.5-foot-long,  1.9-inch-diameter 
hot-rolled  and  annealed  bars  of  ESR  4353  steel  were  obtained  from  Simonds  Steel.  The 
anneal  consisted  of  a  6-  to  7-hour  hold  at  1450°F,  a  12-hour  furnace  cool  to  1150°F, 
and  an  air  cool  to  room  temperature.  A  hardness  of  HRC  97  was  the  result  of  this 
heat  treatment. 

Data  included  throughout  this  report  for  an  ESR  4340  steel  were  obtained  from 
Reference  6.  This  material  was  an  argon-oxygen  decarburized  heat  which  was  subse¬ 
quently  electroslag  remelted.  It  was  then  processed  into  5-inch-square  cross  section 

1 .  ROHTERT,  R.  E.  Ballistic  Design  Support  Tests  -  A  Tool  for  Helicopter  Vulnerability  Reduction.  Presented  at  the  AHS  3 1  st  Annual 
National  Forum,  Preprint  No.  984,  May  1975. 

2.  PRIFT1,  J.  J.,  PAPF.TT1,  D.,  and  RICCI,  W.  ESR  Steel/ Kevlar  Armored  Bucket  Seat  for  Aircrew  Protection.  U.S.  Army  Materials 
Technology  Labortory,  Published  in  JTCG/AS  Conference  on  Design  of  Armor  Systems  Proceedings,  June  1983,  (Confidential  Report  V 

3.  HICKEY.  C.  F.,  Jr.,  ANCTIL,  A.  A.,  and  CHAIT,  R.  The  Ballistic  Performance  of  High  Strength  4340  Steel  Processed  by  Electroslag 
Remelting.  Proceedings  of  Fracture  Toughness  of  Wrought  and  Cast  Steels,  E.  Fortner,  ed.,  ASME  MPC-13,  1980,  p.  219-229. 

4.  PLOCKINGER,  E.  Electroslag  Remelting  -  A  Modem  Tool  in  Metallurgy.  Journal  of  the  Iron  and  Steel  Institute,  August  1973. 

5.  GIBSON,  D.,  BOF.RMAN,  G.,  and  GORUM,  A.  High  Strength  Torsion  Bar  Development  for  Army  Applications.  I  MC  Corporation. 

Contract  DAAC.46-76-C-0074,  Final  Report,  AMMRC  TR  79-5,  January  1979. 

6.  HICKEY,  C.  F.,  Jr.,  and  ANCTIL,  A.  A.  Split  Heat  Mechanical  Property  Comparison  of  ESR  and  VAR  4340  Steel.  U.S.  Army  Materials 
Technology  Laboratory,  AMMRC  TR  83-27,  May  1983. 

7.  HICKEY,  C.  I  .,  Jr.,  THOMAS,  T.  S.,  and  ANCTIL,  A.  A.  Comparison  of  Ballistic  Performance  of  a  Split  Heat  oj  ESR  and  VAR  4340 
Steel.  U.S.  Army  Materials  Technology  Laboratory,  AMMRC  TR  85-20,  July  1985. 

8.  ANCTIL.  A.  A.,  and  RUDY,  F.  J.  Engineering  and  True  Stress-Strain  Tensile  Properties  of  High  Strength  ESR  4340  and  4330  Steels 
U.S.  Army  Materials  Technology  Laboratory,  AMMRC  SP  75-9,  November  1975. 

9.  ANCTIL.  A.  A.  Mechanical  Properties  and  Eractography  of  Electroslag  Remelted  300M  Steel  U.S.  Army  Materials  t  echnology 
Laboratory.  AMMRC  TR  83-1  3.  March  1983. 


forgings.  The  chemical  composition  of  the  steel  is  given  in  Table  1.  Further, 
mechanical  property  comparisons  are  made  to  heats  of  ESR  4340  and  4350  steel  from 
which  data  were  independently  generated . 


Table  1.  CHEMICAL  COMPOSITIONS  OF  ESR  4353,  ESR  4340$,  AND 
AISI  4340  STEELS  (WEIGHT  PERCENT) 


Steel 

C 

Si 

Ni 

Cr 

Mo 

P 

S 

A1 

Cu 

ESR  4353 

0.53 

0.76 

0.29 

1.75 

0.80 

0.26 

0.007 

0.003 

0.03 

0.07 

ESR  4340 

0.41 

0.70 

0.26 

1.73 

0.90 

0.22 

0.008 

0.001 

0.035 

0.21 

AISI  4340 

0.38- 

0.43 

0.60- 

0.80 

0.15- 

0.30 

1.65- 

2.00 

0.70- 

0.90 

0.20- 

0.30 

MAX 

0.035 

MAX 

0.040 

PROCEDURE 

Blanks  for  standard  0.394-inch-square  cross  section  Charpy  V-notch  specimens 
of  LT  orientation  were  obtained  from  the  ESR  4353  steel  bars.  These  blanks  were 
normalized  at  1650°F  for  2  hours  and  air  cooled.  They  were  then  austenitized  at 
1550°F  for  1  hour  and  quenched  in  90°F  oil.  Sets  of  four  blanks  were  tempered  at 
each  of  the  following  temperatures  for  3  hours:  300,  350,  400,  450,  500,  550,  600, 
650,  700,  750,  800,  850,  and  900°F.  Four  hardness  readings  were  taken  on  all 
specimens  subsequent  to  final  machining. 

Room  temperature  Charpy  impact  energy  data  were  obtained  for  two  specimens  from 
each  tempering  treatment.  Precracked  Charpy  specimens  were  used  to  obtain  fracture 
toughness  data  (Kjq  and  W/A)  for  each  tempering  treatment.  Kjq,  fracture  toughness, 
is  a  conditional  KIC  value  and  is  obtained  from  the  load-deflection  curves  for  each 
specimen  using  the  conventional  stress  intensity  factor  calculations  for  three-point 
bending.  W/A  is  obtained  by  dividing  the  fracture  energy  by  the  area  beneath  the 
fatigue  crack.  Retained  austenite  measurements  were  made  by  X-ray  analysis  from 
fracture  toughness  specimens  tempered  at  350,  400,  450,  and  500°F. 

Blanks  for  six  longitudinal  0.252-inch-diameter  tensile  bars  and  two  transverse 
0.113-inch-diameter  tensile  bars  were  taken  from  one  of  the  ESR  4353  steel  bars. 
Austenitizing  and  annealing  treatments  were  the  same  for  the  Charpy  V-notch  blanks. 
Two  of  the  longitudinal  tensile  blanks  were  tempered  at  550°F  for  3  hours.  Two 
longitudinal  and  two  transverse  tensile  blanks  were  double  tempered  at  550°F  for  3 
hours.  After  heat  treatment,  the  blanks  were  machined  to  final  size  and  tensile 
tested  at  room  temperature. 

According  to  Reference  6,  blanks  for  0.394-inch-square  cross  section  Charpy  V- 
notch  specimens  (LT  and  TL  orientation),  0.394-inch-square  cross  section  precracked 
Charpy  specimens  (LT  and  TL  orientation),  and  0.252-inch-diameter  tensile  bars  (lon¬ 
gitudinal  and  transverse  orientation)  were  taken  from  the  5-inch-square  cross  section 
ESR  4340  steel  forgings.  These  blanks  were  normalized  at  1650°F  for  1  hour  and  air 
cooled.  They  were  then  austenitized  at  1550°F  for  1  hour  and  oil  quenched.  Tem¬ 
pering  treatments  reported  for  these  blanks  were  325,  340,  500,  600,  800,  1000,  and 
1200°F  for  1  hour.  Reference  6  contains  the  corresponding  Charpy  impact  energy, 
fracture  toughness,  and  tensile  data  for  the  ESR  4340  steel  heat  treated  accordingly. 

•HICKhY,  C.  F.,  Jr.,  of  U.S.  Army  Materials  Technology  Laboratory,  Letter  Communications  with  FMC  Corporation,  1983  and  1984. 
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Irrespective  of  the  slight  difference  in  tempering  time  to  data  obtained  for  the  ESR 
4353  steel,  only  the  data  for  which  there  is  a  direct  comparison  is  included  in  this 
report.  In  terms  of  the  resulting  microstructure  and  mechanical  properties,  this 
investigation  maintains  that  for  a  given  tempering  temperature  there  is  no  signifi¬ 
cant  difference  between  a  1-hour  and  a  3-hour  temper. 

RESULTS  AND  DISCUSSION 

Tensile  Properties 

Tensile  data  for  ESR  4353  and  ESR  4340  steels  are  tabulated  in  Table  2.  There 
is  no  significant  difference  between  the  single  and  double  tempered  ESR  4350  longitu¬ 
dinal  tensile  properties.  Anistropy  is  indicated  by  the  lower  reduction  of  area  and 
tensile  strength  in  double  tempered  transverse  versus  double  tempered  longitudinal 
specimens.  Further,  anistropy  is  revealed  in  ESR  4340  steel  tempered  at  400  and 
500°F  by  the  lower  reduction  of  area  in  transverse  specimens  compared  to  longitudinal 
specimens.  Note,  that  while  ESR  4353  steel  tempered  at  550°F  for  3  hours  and  the  ESR 
4340  steel  tempered  at  400°F  for  1  hour  have  the  same  longitudinal  tensile  strength, 
the  ESR  4340  steel  so  treated  has  a  lower  yield  strength. 


Table  2.  EFFECT  OF  TEMPERING  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  ESR  434Q6  AND  ESR  4353  STEEL 


ESR 

Steel 

0.2X  Yield 

Temper,  Strength, 

°E  Orientation  ksi 

Ultimate 
Tensi le 
Strength, 
ksi 

Elongation 

* 

Reduction 
,  of  Area, 

% 

4353 

550  For  3  nr  L 

249 

266 

11.0 

45.2 

L 

246 

284 

12.0 

47.4 

Double  Temper, 

246 

286 

11.0 

45.2 

550  for  3  br  r 

240 

277 

11.0 

36.7 

T 

243 

274 

9.0 

34.5 

4340 

400  for  1  hr  i* 

233 

289 

12.8 

49. 9 

T* 

231 

?R9 

11.4 

38 . 2 

500  for  1  hr  ;_* 

227 

270 

12.4 

51.2 

Y-* 

226 

268 

11.0 

<L?  .  7 

•Represents  average  of  7  tests  from 

standard  0. 262 - 1 nch-d > ameter  tensile  bars. 

Hardness  as 

a  function  of  tempering  temperature  for 

ESR  4353  and  ESR  4340  steel 

is  i 1  lustrated  in 

F igure  1 .  For  a  gi vc 

■n  tempering  temperature, 

the  hardness  of  the 

ESR  4353  steel  is 

greater  than  that  of 

the  ESR 

4340  stee 

■  1  as  ex 

pected  from  the  for- 

mer’s  higher  carbon  content  u  In  gene 

■ral,  this  difference  decreases  as  tempering 

temperature  inert* 

a  sc  s 

Charpy  Impact  Energy 

Room  temperature  Charpy  impact  energy  is  plotted  as  a  function  of  tempering 
temperature  in  Figur--  2  The  embrittlement  (tempered  martensite  embrittlement)  in 
the  500  to  700"F  range  i well  documented  for  0.4?;'.  and  0.5%  carbon  steels*'  and, 
thus,  expect. d  lor  both  4  13  i  and  4340  steel.  It  is  clear  that  for  a  given  temper 
within  the  300  to  K00"E  range,  the  Charpy  impact  energy  is  much  greater  for  the 


10  BAIN,  i  (..  and  PAX  ION  I!  \V  \  lemcnis  in  St<  el  American  Society  for  Metals,  Metals  Park,  Ohio.  2nd  cd  .  1961. 

1 1  (iROSSMAN.  M  A  .  and  BAIN.  I  <  t>inei/>les  of  Heat  treatment  American  Society  for  Metals.  Metals  Park,  Ohio.  5th  ed  .  1964 
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ESR  4340  steel  than  for  the  4333  steel.  These  data,  complemented  by  additional 
independently  generated  data  on  similarly  treated  4350  steel, *  emphasize  the  lower 
Charpy  impact  energy  for  a  given  temper  for  the  higher  carbon  steel. 

Fracture  Toughness  Parameters 

Figures  3  ^nd  4  illustrate  W/A  and  Kjq  as  a  function  of  tempering  temperature. 
For  a  given  temper,  ESR  4340  steel  has  a  greater  W/A  and  Kjq  than  ESR  4353  steel.  A 
rapid  rise  in  W/A  and  Kjq  occurs  for  the  ESR  4353  steel  as  tempering  temperature 


Tempering 
Time,  hr 


- •  ESR  4353 

- o  ESR  4340  iRef .  6i 

x  ESR  4340  i Ref.  3i 


55 

x 


)  500  600  700  800  900  1000  1 

Tempering  Temperature.  °F 

Figure  1 .  Hardness  as  a  function  of  tempering  temperature 
for  ESR  4340  and  ESR  4353  steel. 
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•See  Footnote.  Page  ? 

tLonqiturtinal  Specimen  with  Notrh  in  Rartial  Direction 
•Double  Temper 

Figure  2.  Charpy  impact  energy  as  a  function  of  tempering 
temperature  for  ESR  4340  and  ESR  4353  steel. 
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Figure  4.  Fracture  toughness  as  a  function  of  tempering  temperature 
for  ESR  4340  and  ESR  4353  steel. 


Retained  Austenite 


Volume  percent  retained  austenite  in  the  ESR  4353  steel  is  tabulated  in  Table  3 
as  a  function  of  tempering  temperature.  The  amount  of -retained  austenite  decreases 
as  tempering  temperature  increases,  as  is  the  case  for  similarly  processed  4340 
steel .12 


Table  3.  VOLUME  PERCENT  RETAINED  AUSTENITE  AS  A 
FUNCTION  OF  TEMPERING  TEMPERATURE  FOR  ESR  4353  STEEL* 


Tempering 

Temperature, 

OF 

Retained  Austenite, 

Volume  Percent 

350 

3.4 

400 

2.6 

450 

1  .8 

500 

0 

•Complete  heat  treatment  consisted  of  2-hour  hold  at 
1650°F  followed  by  an  air  cool;  a  1-hour  hold  at 
1550°F  followed  by  an  oil  quench;  and  a  3-hour 
temper. 


DISCUSSION 

Figures  5,  6,  and  7  present  the  toughness  parameter  data  in  a  useful  form  for 
material  selection,  primarily  when  strength  is  a  first  consideration  (insofar  as 
hardness  correlates  with  tensile  strength).!^  It  is  shown  that  for  a  given  hardness, 
the  ESR  4340  steel  has  a  greater  Charpy  impact  energy,  W/A,  and  Kjq  than  ESR  4353 
steel.  Interestingly,  it  has  also  been  observed  that  for  a  given  tempering  tempera¬ 
ture,  the  ESR  4340  has  greater  Charpy  impact  energy,  W/A,  and  Kjq  than  ESR  4353  steel 
(Figures  2  through  4).  These  differences  in  mechanical  properties  are  considered  to 
be  the  result  of  microstructural  responses  associated  with:  (1)  the  greater  carbon 
content  of  the  higher  carbon  alloy  (4353)  and,  (2)  the  correspondingly  higher  temper¬ 
ing  temperatures  necessary  to  achieve  equivalent  hardness  as  compared  with  the  lower 
carbon  alloy  (4340).  It  is  worthwhile  to  consider  an  example  of  the  importance  of 
the  latter  point.  The  stages  of  tempering  martensite,  as  given  by  Speich,^  define 
temperature  ranges  within  which  specific  microstructural  changes  occur.  The  first 
stage  is  within  the  212  to  482°F  range,  and  the  accompanying  microstructural  change 
includes  the  formation  of  epsilon  or  eta  carbide(s).  The  microstructural  response 
accompanying  the  second  stage  of  tempering,  392  to  572°F,  is  the  decomposition  of 
retained  austenite.  From  the  relationships  drawn  in  Figure  1,  a  hardness  of  approx¬ 
imately  HRC  55  results  from  a  375°F  temper  for  4340  steel,  and  a  500°F  temper  for 
4353  steel.  With  respect  to  the  "tempering  stages,"  it  is  clear  that  at  HRC  55, 
these  two  steels  must  have  different  microstructures.  Also,  as  has  been  shown,  the 
500°F  temper  is  within  the  range  of  temperatures  associated  with  tempered  martensite 
embrittlement . 
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Figure  5.  Charpy  impact  energy  as  a 
function  of  hardness  for  ESR  4340 
and  ESR  4353  steel. 
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Figure  6.  (W/A)  as  a  function  of 
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4353  steel. 
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Figure  7.  Fracture  toughness  as  a 
function  of  hardness  for  ESR  4340 
and  ESR  4353  steel. 
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The  advantage  which  ESR  4353  steel  does  possess  over  ESR  4340  steel  is  that 
greater  hardnesses  and,  therefore,  tensile  strengths,^  can  £,e  obtained  in  the  former 
(Figure  1)  because  of  its  higher  carbon  content.^  Tensile  strength  is  often  a 
mechanical  property  on  which  material  selection  depends.  It  is  acknowledged  that 
all  applications  do  not  require  high  fracture  toughness  and  Charpy  impact  energy.  In 
such  a  case,  the  high  tensile  strengths  obtainable  with  ESR  4353  steel  may  prove 
use  fu 1 . 

Further,  ESR  4353  steel  tempered  at  550°F  for  3  hours,  and  ESR  4340  steel 
tempered  at  400°F  for  1  hour,  have  equivalent  hardnesses  (HRC  53.5)  and  tensile 
strengths  (285  and  289  ksi,  respectively).  However,  at  HRC  53.5,  the  ESR  4353  has  a 
yield  strength  of  247  ksi,  while  the  ESR  4340  has  a  yield  strength  of  233  ksi.  This 
evidence  suggests  that  higher  yield  strengths  are  obtainable  with  the  higher  carbon 
4353  steel  for  a  given  tensile  strength,  with  respect  to  the  heat  treatments  inves¬ 
tigated.  It  is  recognized  that  4340  steel  oil  quenched  and  then  tempered  at  400°F 
for  1  hour  should  contain  retained  austenite,  whereas  4353  steel  oil  quenched  and 
then  tempered  at  550°F  for  3  hours  does  not.  If  retained  austenite  could  be  removed 
in  4340  steel  prior  to  the  temper,  e.g.,  by  a  liquid  nitrogen  quench,  perhaps  its 
resulting  yield  strength  would  increase. 

It  has  been  observed  that  rapid  increases  in  the  fracture  toughness  parameters 
occur  for  ESR  4353  steel  as  tempering  temperature  increases  above  700°F  and  for  ESR 
4340  steel  as  tempering  temperature  increases  above  600°F.  These  tempers  produce 
hardnesses  of  51  and  50  HRC,  respectively.  The  rapid  increases  in  these  fracture 
toughness  parameters  may  be  a  result  of  changes  in  both  the  materials'  strength  and 
microstructure  as  tempering  temperature  increases.  First,  tensile  strength  and  yield 
strength  decrease  as  tempering  temperature  increases,  as  is  reflected  in  the  hardness 
decreasing  with  increasing  tempering  temperature.  For  many  alloys,  it  has  been 
observed  that  Kj  increases  as  yield  strength  decreases.^  Second,  interestingly,  the 
600  and  700°F  tempers  coincide,  approximately,  with  the  beginning  of  the  third  stage 
of  tempering,  about  482  to  660°F,  as  defined  by  Speich.^  This  is  the  beginning  of 
the  transition  of  martensite  to  cementite  and  ferrite.^  Although  it  is  not  known  to 
what  extent  such  a  resulting  microstructure  effects  toughness  parameters,  it  is  clear 
from  the  literature  that  strength  and  microstructure  are  variables  which  may  have  a 
synergistic  effect  on  toughness.  The  leveling  off  of  Kjq  for  ESR  4340  steel,  as 
tempering  temperature  approaches  800  to  1000°F  may  in  part  result  from  the  spher- 
oidization  of  the  cementite. 

Ir  is  important  to  note  that  there  are  differences  in  the  normalizing  treatments 
for  the  ESR  4340^  and  ESR  4353  steels.  This  may  have  resulted  in  differences  in 
grain  size  and  carbide  morphology  which  may  not  have  otherwise  been  the  case.  To 
some  extent,  fracture  toughness  and  Charpy  impact  energy  are  a  function  of  these 
microstructural  variables . I?-19 
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Another  microstructural  variable  with  the  potential  to  affect  the  properties  of 
4340  and  4353  steels  is  retained  austenite.  Effects  of  retained  austenite  content  on 
the  properties  of  steels  (e.g.,  wear  resistance,  hydrogen  embrittlement  susceptibil¬ 
ity,  and  fracture  toughness)  have  been  the  subject  of  many  inves t igat i ons . 20-^2 
Further,  the  heat  treatment  for  tempering  martensite  (tempering  and  cooling)  can 
transform  austenite  which  has  not  decomposed  upon  tempering  to  extremely  brittle 
untempered  martensite.  The  purpose  of  double  tempering  is  to  temper  martensite  so 
formed . 

Assuming  austenite  and  martensite  are  the  only  microstructural  constituents 
present  in  the  as-quenched  condition,  retained  austenite  levels  can  be  determined  for 
steels  from  formulas  which  have  been  developed  to  solve  for  volume-percent  martensite 
as  a  function  of  undercooling  below  the  martensite  start  temperature  (Ms).  An  equa¬ 
tion  by  Andrews^  predicts  an  Ms  of  492°F  for  this  ESR  4353  steel.  With  this  Ms , 
Koistinen  and  Marburger's  equation  for  volume-percent  martensite^  predicts  92 
volume-percent  martensite  for  the  ESR  4353  steel  quenched  to  90°F  and  air  cooled  to 
70°F.  With  respect  to  the  aforementioned  assumption,  the  as-quenched  steel  should 
contain  8  volume-percent  retained  austenite.  The  values  of  percent  retained  austen¬ 
ite  in  Table  3  are  consistent  with  this  result  in  that  (1)  they  are  of  the  same  mag¬ 
nitude  and  (2)  tempering  decreases  the  amount  of  retained  austenite. 

It  has  been  shown  that  a  570°F  temper  for  1  hour  decreases  the  amount  of 
retained  austenite  in  quenched  4340  steel  from  approximately  4  volume-percent  to  zero 
percent.  Similarly,  it  is  seen  that  a  500°F  temper  for  3  hours  decreases  the 
amount  of  retained  austenite  in  ESR  4353  steel  to  zero  percent  (Table  3).  Both 
results  are  consistent  with  the  observation  that  the  temperature  range  of  392  to 
572°F  defines  the  second  stage  of  tempering  where  retained  austenite  completely 
decomposes.  Double  tempering  of  ESR  4353  steel,  for  the  purpose  mentioned  previously, 
may  therefore,  have  no  practical  application  for  a  550°F  temper  because  there  may  be 
no  austenite  remaining  to  transform  to  martensite  upon  cooling.  Thus,  the  equivalent 
tensile  properties  of  ESR  4353  steel  (Table  2),  single  and  double  tempered  at  550°F, 
would  be  expected  insofar  as  tensile  properties  are  a  function  of  percent-retained 
austenite  (which  is  zero  for  both  conditions). 

SUMMARY 

Longitudinal  and  transverse  tensile  properties,  hardness,  Charpy  impact  energy, 
fracture  toughness  (Kjq  and  W/A),  and  percent-retained  austenite  are  generated  for 
ESR  4353  steel  as  a  function  of  tempering  temperature.  Included  is  a  comparison  to 
data  available  in  literature  for  similarly  treated  ESR  4340  steel.  ESR  4353  steel 
tempered  at  550°F  for  3  hours  and  ESR  4340  steel  tempered  at  400°F  for  1  hour  has 
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approximately  the  same  tensile  strength  (285  and  289  ksi,  respectively).  However, 
the  former's  yield  strength  (247  ksi)  is  greater  than  the  latter's  (233  ksi).  For  a 
given  tempering  temperature  within  the  300  to  800°F  range,  the  hardness  of  ESR  4353 
(tempered  for  3  hours)  is  greater  than  that  of  ESR  4340  steel  (tempered  for  1  hour). 
For  a  given  hardness  within  the  range  of  46  to  57  HRC,  ESR  4340  steel  has  greater  or 
equal  Charpy  impact  energy,  Kjq,  and  W/A,  than  ESR  4353  steel.  Retained  austenite 
decreases  to  zero  percent  as  tempering  temperature  increases  (3-hour  tempers)  from 
350  to  500°F  for  ESR  4353  steel.  The  suitability  of  ESR  4353  as  a  substitute  mate¬ 
rial  is  clarified  by  the  data  obtained  and  by  the  mechanical  property  comparison  to 
the  widely  used  ESR  4340  steel. 
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